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’ INTRODUCTION
Anthropogenic pressure on existing water resources manage-
ment is growing due to population growth and the expansion of
irrigated agriculture and may be exacerbated by climate change.
As a result of these pressures, water shortage is forecast for 36% of
the global population by 2050 under a climate change and
population growth scenario.1 Moreover, 80% of the world’s
population would currently be exposed to high levels of threat
to water security if not for massive investments in water infra-
structure in developed countries.2 The lower Colorado River
basin may already be in overdraft, as inflows have decreased to
Lakes Powell and Mead while outflows from Glen Canyon and
Hoover Dams continue at legally mandated rates.3 Indeed,
surface water storage may become impractical in arid and
semiarid areas due to lower streamflows and excessive
evaporation.4,5 In addition, it is estimated that 1 billion people
still lack access to safe drinking water, and in the developing
world, the cost of building and maintaining conventional water
and wastewater treatment can be prohibitive.6 Clearly, demand
exists for more water management in the coming decades, but
existing large-scale dam and irrigation projects may be unable to
provide adequate water resources under the increasing anthro-
pogenic pressure.7 Therefore, alternate water management
schemes are necessary to take increasing advantage of water
reuse and to reduce the capital- and energy-intensity of water
treatment systems.
Many of these alternate management schemes fall under
heading of “managed aquifer recharge” (MAR) or “managed
underground storage”. Forms of MAR involve engineered
delivery of water into the subsurface, which is later recovered
after some storage and passage through aquifer material
(Figure 1). Delivery modes can range from direct injection to
passive spreading ponds, and the quality of the water delivered to
the recharge systems can range from ambient surface water to
wastewater treatment plant effluent.5 Aquifer storage and recov-
ery (ASR) and aquifer storage transfer and recovery (ASTR)
inject water directly into an aquifer for storage. In ASR, essen-
tially the same parcel is later recovered from the injection well
itself. In ASTR, water is recovered from a down-gradient well and
can, at early recovery times, include a substantial component of
the native groundwater. Infiltration ponds are usually con-
structed off-stream where surface water is diverted and allowed
to infiltrate (generally through an unsaturated zone) to an
underlying unconfined aquifer. In soil-aquifer treatment
(SAT), treated sewage effluent, or reclaimed water, is infiltrated
intermittently through infiltration ponds to facilitate nutrient and
pathogen removal in passage through the unsaturated zone for
recovery by wells after residence in the aquifer. Bank filtration
refers to extraction of groundwater from a well or caisson near or
under a river or lake, which induces infiltration from the surface
water body, thereby improving and making more consistent the
quality of water recovered.8
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ABSTRACT: Bank filtration induces flow of surface water through a
hydraulically connected aquifer by excess pumping from a production well
in the aquifer. This review presents the four main geochemical processes
relevant for inorganic geochemistry, with a focus on iron (Fe) and
manganese (Mn), during bank filtration: reduction near the bank, oxida-
tion near the production well, carbonate dissolution, and sorption to
aquifer materials. Physical and transport processes affect these geochemical
processes and influence the redox state of the infiltrate. The presence of Fe
and Mn in bank infiltrate is directly related to its redox status and can
necessitate drinking water treatment after extraction. Long-term, in situ
sequestration of Fe and Mn requires precipitation of oxide or carbonate
solids, since a sorption front can breakthrough at the production well.
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In contrast with someMAR schemes, bank filtration has a long
history in Europe, with some sites in use for more than 130 years
in Germany.10,11 Bank filtration relies upon natural processes
to remove nutrients, organic carbon, and microbes, especially
pathogens, present in the source water.12 Recent research in bank
filtration settings has focused extensively on understanding the
processes behind effective pathogen removal1315 and on quan-
tifying the removal of persistent organic micropollutants,16,17
both of which are critical to determine the postextraction
treatment required for bank filtrate to meet water quality
standards. The effects of inorganic geochemical processes along
the infiltration flow path on the quality of extracted bank filtrate
have received much less attention, despite the observed excee-
dance of WHO drinking water guidelines for iron (Fe) of
0.3 mg L1 or 5 μM and manganese (Mn) of 0.1 mg L1 or
2 μM at various well fields in Canada,18 Germany,19 and the
Netherlands.20 Recent research suggests Mn at levels above
the (aesthetic) guidelines in drinking water may impair children’s
intelligence.21,22 Although the treatment to remove Fe and
Mn is relatively simple in practice (often aeration and sand
filtration20), the presence of these elements can lead to well
screen clogging23,24 and can also indicate conditions where trace
metals associated with Fe and Mn oxide solids are released along
the flow path.25 Thus, in situ sequestration of Fe and Mn could
potentially decrease both the risk of breakthrough of Fe, Mn, and
any associated trace metals at the extraction well and the need for
postextraction treatment. If the sequestration occurs at some
distance from the well screen, this could also decrease the
likelihood of well clogging.
Both reductive dissolution of Fe and Mn oxides and subse-
quent sequestration of dissolved Fe and Mn in bank filtration are
dependent upon the spatial and temporal variation of the redox
state along the flow path. Furthermore, transient redox condi-
tions can be significant for inorganic geochemistry and pathogen
and organic micropollutant removal alike.14,26,27 This review
presents the fundamental geochemical processes of bank filtra-
tion systems, with a focus on Fe and Mn, in light of relevant
physical and transport processes.
’GEOCHEMISTRY OF BANK FILTRATION
The evolution of groundwater along the infiltration flow path
in bank filtration involves four key geochemical processes that
can affect the efficiency of the system as well as the quality of the
extracted water: reduction near the bank, oxidation near the
production well, dissolution of carbonate minerals in the aquifer,
and sorptiondesorption to the aquifer material (Figure 2).
These processes are also relevant in other MAR schemes, but
specific aspects of other forms of MAR are not considered here.
Bank filtration settings generally have different flow conditions
than natural riverbank settings. A natural riverbank may be
gaining or losing, relative to the adjacent aquifer, but bank
filtration induces losing conditions. Furthermore, a bank filtra-
tion well’s cone of depression draws down the water table,
sometimes as far as to the bank itself,29 and onoff cycles of
the production well cause oscillations of the water table
(Figure 2b, c), which affects oxygen delivery to the infiltrate.30
This method of oxygen delivery is not included in the standard
conceptual model for bank filtration geochemistry (presented by
Bourg and Bertin28). In a natural setting, diffusion from the
unsaturated zone and infiltration of rainwater provide limited
oxygen delivery to the shallow groundwater (Figure 2a). Bank
filtration wells may additionally induce native groundwater,
which would not normally interact with surface water, to mix
with infiltrate in or near the production well. The standard
conceptual model28 suggests that this “mixing zone” extends for
tens of meters from the production well toward the river- or lake-
bank, and is responsible for diluting and buffering concentra-
tions, especially Mn and Zn, in the infiltrate. However, the
dilution and buffering capacity depend on the solid-phase
composition and groundwater concentration at a given site;
mixing of aerated infiltrate with reduced groundwater can also
lead to undesirable geochemical processes such as Fe or Mn
precipitation in production well screens.24
The four geochemical processes are illustrated with Fe and
Mn, whose relevant species are shown in Figure 3. Briefly,Mn has
three common oxidation states in the environment (þII, þIII,
andþIV), and Fe has two (þII andþIII). Fe(II) andMn(II) are
soluble at low to neutral pH, and precipitate as Fe(OH)2 (s) and
Mn(OH)2 (s), respectively, at very alkaline pH values (e.g.,
Figure 1. Schematics of various types of Managed Aquifer Recharge.
Adapted from Dillon (2005).9 WWTP denotes a wastewater
treatment plant.
Figure 2. Profile of geochemical changes along a natural (a) and bank
filtration (b,c) flow path. Oxidizing conditions and the corresponding
occurrence of dissolved oxygen and oxidized Fe andMn are indicated by
blue coloration. Arrows indicate the dominant mechanisms of reaera-
tion: diffusion and rain infiltration under natural conditions and water
table oscillations during bank filtration. The relative concentration
profiles of dissolved inorganic carbon (DIC) and dissolved organic
carbon (DOC) in bank filtration are shown in (d) after Bourg and Bertin
(1993).28
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higher than pH 9 in Figure 3). Depending on the carbonate
concentrations, which can be elevated in the subsurface, Fe(II)
and Mn(II) can precipitate as siderite (FeCO3) and rhodochro-
site (MnCO3). Mn(III) and Mn(IV) are largely insoluble,
found most frequently in Mn oxides and oxyhydroxides such as
birnessite (K(Mn3þ, Mn4þ)2O4 3 1.5 H2O), pyrolusite (MnO2),
hausmannite (Mn3O4), and manganite (MnOOH).
31 Fe(III)
is also largely found in insoluble oxides and oxyhydroxides,
which are prone to dissolution under reducing conditions,
but less so than those of Mn(III/IV) (Figure 3). Reductive
dissolution of Fe and Mn oxides is largely microbially
mediated,32,33 and oxidative precipitation of Fe(II) and Mn(II)
can be as well.34,35 Although kinetics of abiotic Fe(II) oxidation
by oxygen are relatively rapid at circumneutral pH, Mn oxidation
is slow below pH 9,36 with abiotic Mn oxidation orders of
magnitude slower than microbial Mn oxidation.3739 Recent
studies of microbially mediated Mn oxidation have suggested
that the majority of naturally occurring environmentalMn oxides
are derived either from direct biogenic Mn(II) oxidation or from
the subsequent alteration of biogenic oxides.34
Reduction near the Bank.Reducing conditions near the bank
have been documented in many field sites.18,26,28,40 The influx of
organic carbon from the overlying body of water into shallow
sediments drives sufficient microbial activity to exhaust the
supply of oxygen and often nitrate, leading to the reductive
dissolution of Mn and Fe oxides.41 Seasonal variation in the
organic carbon load to the sediments correlates with the extent of
reduction in the groundwater. Higher surface water temperatures
in the summer lead to increased algal and phytoplankton growth,
which yield higher summer loads of dissolved organic carbon.
Secondary to these higher loads are increases in microbial
respiration rate in the shallow sediments due to higher summer
temperatures; this temperature signal is, however, damped as the
infiltrate travels along the flow path.42 These seasonal effects lead
to a greater extent of reducing conditions as compared to the
winter.25,27,43,44 Solid organic carbon in the aquifer sediments
can additionally promote reduction of oxygen, nitrate, and Mn
oxides further along the flow path.45
On one hand, bank filtration is effective precisely because
much of the organic carbon from the surface water is oxidized in
the sediments and removed from the bank filtrate. At Lake Tegel
in Berlin, bank filtration eliminates 2045% of the dissolved
organic carbon present in the surface water.11,44 Included in the
dissolved organic carbon load are trace organic pollutants that
persist through upstream wastewater treatment. Removal of any
of these trace compounds in bank filtration is an added benefit.
On the other hand, some trace organic compounds are only
minimally removed under reducing conditions. Organic micro-
pollutant removal at bank filtration sites has been studied
extensively elsewhere.12,16,17,46
The increase of the biomass of microbes that actively oxidize
organic carbon can negatively impact the hydrologic properties
of a bank filtration system. Microbial overgrowth leads to a
clogged layer, especially in settings that are relatively stagnant
compared to riverbanks. The development of a clogged layer at
the bottom of an artificial recharge pond in Berlin caused a
decrease in infiltration rate of 1 order of magnitude, at which
point the layer was mechanically removed.47 In a more natural
lake bank filtration setting, the clogging layer cannot be removed.
At Lake Tegel in Berlin, long-term pore water velocities were the
same order of magnitude as the minimum at the above-men-
tioned artificial recharge pond.48 A significant portion of the pore
volume of the shallow sediments was filled with algae, which
occurred at concentrations nearly 1000 that in the overlying
lake water.49 Nevertheless, transport through the clogged sands
at the lake margins accounts for themajority of the bank filtrate in
this site, so this issue is not likely to be prohibitive.
Coupled to the oxidation of organic carbon, microbial reduc-
tion of nitrate in bank filtration systems is a distinct asset, whereas
reduction of Mn and Fe oxides can be problematic. Nitrate
reduction to N2 (the most common end product) decreases the
nutrient load in the infiltrate.50,51 Mn- and Fe-oxide reduction
result instead from interactions between microbes and the
native sediments at the site.32,33 Significant overlap in enzy-
matic activities exists within microbial populations such that
microbes able to reduce Mn oxides are often also capable
of Fe oxide reduction,52 and those rates of reduction are
quite comparable.53,54 Mineralogy plays a key role in both the
reactivity54,55 and the sorption capacity31 of Fe and Mn
oxides; reactivity and sorption capacity decrease with increas-
ing crystallinity.
When solid-phase oxides in the sediments are reductively
dissolved, Fe and Mn are released to sediment porewater. High
levels of dissolved Fe and Mn in bank filtrate can be problematic
Figure 3. pepH predominance plot for (a) Fe (total = 10 μM) and (b) Mn (total = 10 μM) under typical pH and redox conditions for groundwater
(CT = 10 mM). Dashed vertical lines show the (a) Fe
2þ/ FeCO3 (s) and (b) Mn
2þ/MnCO3 (s) equilibria for (1) CT = 5 mM,MnT = FeT = 5 μM, and
(2) CT = 1mM,MnT = FeT = 1 μM. Concentration changes slightly expand the γ-MnOOH (s) andMn3O4 (s) predominance areas to lower pe and pH
(not shown).
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in and of themselves,18,56 but both Mn and Fe oxides are major
sinks for trace metals,33 and sorbed metals are released to
solution during their reduction.57 This was observed for Cd,
Cr, Cu, Pb, U, and Zn, as well as phosphate, at the Glatt River
site.25,27,40,58 Subsequent reduction in the P concentration in
sewage effluent, as required by regulations, resulted in lower
levels of eutrophication in the surface water of the Glatt,
effectively decreasing the organic carbon load in both the river
and the bank filtrate. The decreased organic carbon load no
longer supported extensive Fe- and Mn-oxide reduction, and
dissolved metal concentrations were no longer elevated,58 which
illustrates the direct and indirect impacts of the reductive
dissolution of Fe and Mn oxides on the quality of bank filtrate.
Oxidation near the Production Well. Along the flow path
from the reducing zone near the bank to the production well, air
reenters the water and can restore oxic conditions in the shallow
infiltrate. Three main pathways for oxygen entry to the shallow
groundwater are often considered: diffusive flux from the over-
lying unsaturated zone, vertical infiltration of oxic rainwater, and
gas entrapment due to water table oscillations (i.e., induced by
intermittent production-well use). Modeling at Lake Wann
(Berlin, Germany) clearly indicated that the dominant reaeration
pathway was gas entrapment due to water table oscillations, once
oscillations were greater than 0.5 m.30 Laboratory studies predict
dissolved gas saturation in excess of air equilibrium when gas
bubbles are entrapped and collapse under sufficient water
pressure; subsequent water table oscillations induce downward
propagation of this “excess air”.59 Excess air has been observed in
the shallow groundwater of Berlin’s bank filtration sites,29 in
support of the laboratory and model results. The generalized
dissolved oxygen profile for bank filtration sites in Figure 2b
reflects the reaeration of bank filtrate as the production well is
turned on and off, especially in the vicinity of the cone of
depression. In the winter, lateral infiltration of oxic surface water
through the banks is an additional reaeration pathway as the
extent of the near-bank reducing zone is limited by lower organic
carbon loads and lower microbial respiration rates and dissolved
oxygen solubility is higher.26,27 Thus, reaeration of the infiltrate is
heavily influenced by the production well pump operation,
seasonal nutrient loads, and temperature.
The oxic zone near the production well has significant
implications. Dissolved Mn and Fe from the reducing zone
may precipitate as oxides in the presence of oxygen. In Figure 2,
the spatial extent of Fe oxidation is expected to alignmore closely
with the oxygen profile (Figure 2b) rather than the Mn profile
(Figure 2c) due to the rapid oxidation kinetics of Fe(II)37 and its
potential (microbially mediated) oxidation by nitrate.60 Mn
oxidation only occurs in the presence of oxygen,36,61 and can
be assumed to be microbially mediated based upon the relative
rates of abiotic and microbial oxidation.62 Despite its slow
oxidation kinetics, dissolved Mn at the Lot River (France)
displayed an inverse trend with dissolved oxygen in the wells
along the flow path.28,63 However, breakthrough of elevated,
dissolved Mn at an oxic production well could occur either
because of slow oxidation kinetics or a nearby reduction
hotspot.43 Attempts to use Eh-based measurements or thermo-
dynamic calculations to predict locations susceptible to elevated
Mn have been very limited in their success.64
Similar processes can influence Fe,Mn, and other trace metals;
for oxidative processes, Mn may be more significant than Fe
either because Mn(III/IV) oxides can directly oxidize reduced
species such as As(III)65 or because metals such as Co(II) and
Cr(III) can be indirectly oxidized by Mn(II)-oxidizing
microbes.66 Field studies of streambed sediments downstream
of acid mine drainage showed Co, Ni, and Zn sequestration
concomitant with Mn and Fe oxidation at circumneutral pH,
rather than with upstream Fe oxidation at more acidic pH.67 The
Glatt River bank filtration site (Switzerland) experienced seaso-
nal changes in dissolved oxygen (due to surface water organic
carbon loads discussed above), which affected the stability of Fe
and Mn oxides. Reduction of Fe and Mn corresponded with
seasonal release of trace metals, whereas winter Mn oxide
formation in observation wells corresponded with seasonal
sequestration of trace metals.25
The location and extent of reaeration can significantly affect
the water quality at production wells and their flow rates as a
result of clogging. In one site at the Seine River (France), a thick
clayey sand layer inhibited the reaeration of the bank filtrate, and
the prolonged reducing conditions generated elevated ammo-
nium concentrations in the production well.50 Dutch well fields
often clog due to well-screen mixing of mildly oxic shallow
groundwater and anoxic deep groundwater with elevated dis-
solved iron.24 Iron oxidation is not generally observed far from
the production wells in these well fields, which suggests that the
infiltrate is not as readily reaerated along the flow path as other
sites, given the fast kinetics37 of iron oxide precipitation. Many
wells across Germany also clog with microbial Fe and Mn oxide
encrustations, which require regular removal to maintain well
yield.19 Bank filtration adjacent to polder settings in both
Germany68 and the Netherlands20 is susceptible to elevated
concentrations of sulfide, ammonium, and methane in the
infiltrate, which tends to require postextraction treatment for
drinking water purposes. As polders are typically clay and peat
soils reclaimed via extensive groundwater pumping and/or
levees, their low hydraulic conductivity, long residence times,
and sustained anoxic conditions are unsurprising.68
Dissolution of Carbonate Minerals in the Aquifer. Dis-
equilibrium between the bank filtrate and the native aquifer can
lead to mineral dissolution and/or precipitation during the
water’s passage. Other than redox-sensitive minerals as described
above, carbonate minerals (e.g., CaCO3, MgCO3) are most
susceptible to dissolution during bank filtration. Silicate mineral
dissolution tends to be less extensive than carbonate mineral
dissolution.8,28,43 Sulfide mineral dissolution is often considered
in deep-well ASR and ASTR,69 but significant sulfide mineral
abundances or dissolved sulfide concentrations are atypical in the
shallow alluvial aquifers targeted for bank filtration. Polder
settings are an exception, as they can result in anoxic ground-
water with enough sulfide to precipitate sulfide minerals.70
Infiltrate with lower alkalinity and/or pH than the ambient
groundwater has been observed to promote calcite (CaCO3)
dissolution in many field sites27,28,47,71,72 and some laboratory
studies.73,74 Even if the infiltrate is chemically similar to the
ambient groundwater, CO2 and H
þ generated by oxidation
of organic carbon in the bank can push the infiltrate to dis-
equilibriumwith the local aquifer.43,72,73 Since only low levels of trace
elements are typically affiliated with calcite,75 its dissolution has
different implications than the dissolution of Fe or Mn oxides.
Increases in dissolved Ca and Mg from carbonate dissolution
contribute to water hardness, but changes in hardness have been
negligible in field and lab studies.28,74,76 In one column study,
calcite dissolution contributed to a locally higher hydraulic
conductivity.73 There is some concern that overly aggressive
water could dissolve enough calcite grains so as to destabilize the
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soil, especially with reverse-osmosis-treated water in SAT sites,76
but it is unlikely that natural surface water would threaten an
aquifer’s structural stability during bank filtration.
Past the reducing zone near the bank, reprecipitation of calcite
can sometimes be anticipated based upon geochemical transport
models71,72 and laboratory studies.73 Many field studies do not
explicitly consider reprecipitation, but if enough calcite has been
dissolved, significant amounts of reprecipitated calcite could clog
the pores of the aquifer, as has been observed in column
studies.73 Field-scale geochemical transport models nevertheless
suggest that the reprecipitated quantities of calcite should not
affect the aquifer’s porosity.71,72
Although carbonates are not major sinks for trace elements,
in locations with sufficiently high alkalinity, carbonate
minerals can control dissolved Fe, Mn, and other trace cation
concentrations.77 The carbonate solids of Fe (siderite) and Mn
(rhodochrosite) are more soluble than those with most other
trace metals. The potential control on dissolved trace metal
concentrations by carbonate precipitation is illustrated inFigure 4
(in which equilibrium with calcite is assumed). Besides metal
carbonates, some trace metals can form even less soluble mixed
hydroxycarbonates or coprecipitate in calcite,78 so the concen-
trations in Figure 4 can be considered an upper bound of the
solid-phase-controlled equilibrium concentrations expected for
the given conditions. One caveat to this approach is that the
kinetics of precipitation could be slow, as suspensions of bento-
nite precipitation seeds, supersaturated in calcite and rhodochro-
site or siderite, took more than 100 days to reach steady state.79
Multiple field sites have significant fractions of carbonate-
bound Mn and Fe. In a polder setting in eastern Germany,
dissolvedMn in groundwater was controlled by a combination of
Mn and Ca carbonates.68 Similarly, in an in situ groundwater
treatment plant in Switzerland, short residence time in an aerated
aquifer with high calcite abundance precluded the formation of
Mn oxides. Dissolved Mn down-gradient of aeration wells was
controlled by Mn- and Ca-carbonates with no evidence of Mn
oxide accumulation.81 At the same site, Fe oxides were associated
with calcite, suggesting that Fe(II)-calcite interaction led to
preferential oxidation sites during aeration.81 Vernal calcite
dissolution due to microbial respiration in the Glatt riverbank
released significant Mn and Fe, suggesting both were carbonate-
bound.82 Trace cations have also been released during calcite
dissolution, for example, , Zn, Co, Cd, Ni, and Pb in batch
incubations of aquifer sediments,83 and sequestered via carbo-
nate preciptitation, for example, Cd at the Glatt river site.27
Sorption in the Aquifer. Sorption and ion exchange also
occur because of disequilibrium between the bank filtrate and the
native aquifer. Surface-associated ions of the aquifer material
desorb, while ions from the bank filtrate adsorb, during infiltra-
tion. Significant desorption from contaminated aquifer sedi-
ments would render the bank filtrate unusable without
substantial post-treatment, and therefore such sites are avoided
for bank filtration. In bank filtration settings, major ions dom-
inate any ion exchange process, and as such ion exchange rarely
affects the quality of the bank filtrate. At one ASR site, exchange
of carbonate for chloride in sediments did increase the chloride
concentration beyond drinking water standards, and exchange of
sodium in aquifer clays may have caused clay expansion and
subsequent decreased permeability.84,85
In contrast, sorption is the main retardation process for
dissolved components during infiltration, especially for trace
elements released to the bank filtrate in the reducing zone. Net
sorption of dissolved components can enable the aquifer sedi-
ments to “buffer” the composition of the bank filtrate.86 Trace
cations such as Cd and Zn were released in the reducing zone,
then sequestered via sorption at sites in Switzerland and
France.27,28,86 Copper, often bound to organic matter, was not
as readily adsorbed as Cd and Zn.27 Similarly, ammonium
generated under prolonged reducing conditions at the Seine
River (France) only penetrated the first 1020 m of aquifer
sediments after twenty years of passage, due to sorption.50
Sorption depends upon the surface area of the sorbent and the
affinity of the dissolved species for the sorbent surface sites. Trace
element sorption on Al, Fe(III), andMn(III/IV) oxides has been
described extensively in the literature.8790 Field observations of
Al-, Fe(III)-, andMn(III/IV)-oxide sequestration of trace metals
support a strong correlation between the sorption of Mn(II) and
other trace metals.9092 (Iron(II) sorption on oxide surfaces is
complicated by rapid surface-catalyzed oxidation in the presence
of oxygen.93) Exceptions to this trend occur in sites with high
levels of organically bound Cu and Zn,27,86 which remain mobile
under conditions otherwise favorable to sorption on aquifer
sediments.
The limitation of sorption in long-term bank filtration (e.g.,
sites in Berlin have been active since the late 1800s11) results
from saturation of the surfaces of the aquifer sediments. This
causes an advancing sorption front in the aquifer, which can
eventually reach the production well, as has been observed for
Mn in Israel94 andmodeled for P in Canada.95 Sorption also plays
a key role in in situ iron removal. Injection of aerated ground-
water oxidizes adsorbed Fe(II) to Fe(III) oxides, and low-Fe
groundwater is subsequently extracted, while Fe(II) adsorbs to
newly formed Fe(III) oxides, until Fe(II) breaks through at the
well again.96 Dilution with native groundwater and dispersion
can significantly damp any sorption front moving through an
aquifer for bank filtration. For example, in the 1980s along the
Rhine River, elevated surface water concentrations of As, Co, Cu,
Ni, and Pb did not penetrate further than 50 m along the
infiltration path.97 Similar data comparing surface water and
infiltrate for a German site (Duisberg) along the Rhine have been
presented as a percentage “removed” from the infiltrate (e.g.,
5193% removal of As, Cu, Ni, and Pb),98,99 but this
Figure 4. Dissolved metal concentrations in equilibrium with calcite
and metal carbonates (CT = 5.8 mM; CaT = 0.5 mM, the average value
for North American fresh water75). Solubility products (in the form
MCO3 except Ag2CO3) taken from the MINTEQa2 database.
80 For
simplicity, concentrations have been plotted with one line for each
cluster of solubility products labeled on the figure (log Ksp within 0.5
units).
5084 dx.doi.org/10.1021/es2001612 |Environ. Sci. Technol. 2011, 45, 5079–5087
Environmental Science & Technology CRITICAL REVIEW
terminology should be avoided. Trace elements sequestered via
sorption to Fe and Mn oxides can readily desorb88 if the
composition of the bank filtrate changes, for example, due to
seasonal changes or shock loads in the source water body.
Geochemical modeling of wastewater-derived P in two Canadian
aquifers suggested that a P plume would move 20 m down-
gradient in 17 years, upon removal of the wastewater source.95
Stable, long-term sequestration thus requires more than sorption
alone for trace elements. Since actual breakthrough of trace
metals in bank filtration wells is rare, alternate sequestration (i.e.,
precipitation of oxides and interactions with carbonates),
coupled with dispersion and dilution, likely occurs in long-term
bank filtration sites still in use.
’RESEARCH NEEDS
As bank filtration use is expanded, many aspects of biogeo-
chemistry remain open to further research. Organic micropollu-
tant degradation, microbial pathogen removal, and viral
inactivation remain active areas of research, especially as related
to optimization of the bank filtration process.14,15,17,42,46,100,101
Fundamental to these aspects as well as to inorganic geochem-
istry is the transient redox status of the bank filtrate. Changing the
water table elevation during pumping delivers oxygen to the
subsurface,30 with the potential to deliver amounts in excess of air
saturation, via entrapped bubbles in the aquifer sediments.
Quantification of the excess air delivered and its vertical extent
in the aquifer remains site-specific;29,102,103 better predictions of
excess air for given a water table fluctuation and frequency in
terms of aquifer porosity and flow rates could enhance site
managers’ ability to optimize in situ redox conditions for target
contaminant removal.
The location of reaeration along the flow path also impacts the
sequestration of Mn and other trace elements released in the
reducing zone. In the absence of newly generated sorbents or
transition to precipitation, elements sequestered via sorption will
eventually breakthrough at the production well.9496 Ayotte and
others recently proposed a flowchart for water managers to
determine if pumping at a public supply groundwater well is
likely to mobilize trace elements.104 The oxygen levels and the
travel time along the flow path required to produce significant
oxide minerals merit further study. Oxidation that occurs too
close to the production well or during mixing with deeper water
in the production well leads to well screen clogging, decreased
well yield, and in some cases requires abandonment of produc-
tion wells.19,23,24 As rehabilitation or replacement of production
wells susceptible to clogging is expensive in the long term,105
cost-effective and sustainable management is important. This
ranges from proper site selection (to avoid settings and screened
intervals with potential mixing of oxic infiltrate and anoxic
groundwater23,24), to novel solutions for well rehabilitation, such
as addition of bacteriophages to degrade Fe- and Mn-oxidizing
biofilms.106
Global climate change will certainly affect the performance of
bank filtration systems. As has already been observed with
seasonal differences in temperature,26,27,63 warmer conditions
stimulate microbial activity both directly via higher temperatures
and indirectly via higher organic carbon loads in surface waters.
This enhanced microbial activity would extend the reducing zone
further into the aquifer, and in existing bank filtration systems,
this essentially decreases the interaction of the bank filtrate with
oxic sediments that potentially sequester trace elements. Higher
intensity precipitation and more frequent flooding are also
expected under climate change. Bank filtration systems with a
sufficient travel time have performed effectively under flood
conditions in the past,10 but floods could affect the redox status
of soils.107 Additionally, the infiltration flow paths for microbes
and viruses may be short-circuited under flood conditions.100
Accordingly, new systems would need to allow more distance
between the surface water and the production well. Further
considerations of bank filtration design in light of climate change,
both in drought and flood conditions, have been recently
reviewed.108
The simplicity of bank filtration makes it a desirable pretreat-
ment step for drinking water in many locations. It could
furthermore offer significant benefits in the developing world,
where water treatment infrastructure is minimal.109 Long-term
bank filtration on the Rhine River in D€usseldorf has been largely
effective despite periods of low-quality surface water and a
chemical “shock” load in 1986.110 Due to contamination of
surface waters by untreated wastewater and agricultural runoff,
the organic carbon load on bank filtration systems can be much
higher in the developing world than in the developed world;
column studies in Addis Ababa, Ethiopia, and Mathura, India
suggest that bank filtration alone is not sufficient to produce high
quality drinking water.111,112 Nevertheless, a more efficient
technical water cycle, where wastewater treatment plant effluent
is combined with surface water for bank filtration or other
managed aquifer recharge, as has been implemented in Berlin,
Germany,113 Orange County, California,114 and Shafdan,
Israel,94 could begin to improve surface water quality in urban
centers in developing countries.115 Extended organic carbon
oxidation at the Israeli site has mobilized Mn from the aquifer
sediments, a clear example of the complex management issues in
these types of systems. Further studies on the long-term feasi-
bility of joint water and wastewater management could have
major impacts on the quality of drinking water in the
developing world.
The use of bank filtration in concert with advanced wastewater
management requires sufficiently advanced geochemical models.
Some sites (more frequently, those used for ASR and ASTR)
have more complex water-rock interactions than described here,
such as fluorite (CaF2) precipitation
109 or dissolution,116 or As
release from Fe sulfides.117,118 Standard geochemical reactive-
transport models (e.g., PHREEQC72,116) can incorporate unu-
sual geochemical processes, and have been used within sophis-
ticated 3-D groundwater flow models (e.g., PHT3D116,119) to
predict the behavior of bank filtration systems.72,120 Aquifers can
also undergo physical changes during pumping, such as clay
dispersion,121 that affect the withdrawal rate; interrelated physi-
cal and chemical changes must be balanced effectively and
efficiently to maintain high-yield bank filtration.122,123 Truly
comprehensive models must incorporate these effects to opti-
mize the desired treatment outcome and flow rate.
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